Core regulatory circuitry (CRC)-dependent transcriptional network is critical for 30 developmental tumors in children and young adults carrying few gene mutations. 31 Ewing sarcoma resembles these developmental cancers in terms of having both 87 few genomic alterations and a single epigenomic driver, we postulated that such 88 oncogenic CRC model might exist in Ewing sarcoma, to cooperate with the 89 transcriptional function of EWS-FLI1. The current study was aimed to identify 90 and characterize this CRC apparatus in Ewing sarcoma, and to elucidate its 91 functional significance in this cancer. 92 93 94 5 / 46 Results 95 96 We recently characterized the super-enhancer landscape in Ewing sarcoma and 97 confirmed the essential role of EWS-FLI1 in regulating the epigenome of this 98 cancer (11). As introduced earlier, considering that CRC is particularly important 99 for childhood developmental cancers having few genomic lesions, we postulated 100 that such CRC model might also contribute to regulating Ewing sarcoma 101 transcriptome through either cooperating with or mediating the function of EWS-102 FLI1. To test this hypothesis, we first sought to identify mathematically master 103 TFs with high inter-connectivity through binding to their super-enhancers by 104 motif scanning using our established method (18, 24, 25). Because of the central 105 role of EWS-FLI1 in establishing the enhancer landscape in Ewing sarcoma, we 106 made significant modifications of the method by requiring that all candidate TFs 107 have both EWS-FLI1 binding motif and binding peaks in their assigned super-108 enhancers. We initially focused on the A673 cell line, since it is a well-109 characterized Ewing sarcoma line with available H3K27ac and EWS-FLI1 ChIP-110 Seq results (7). As a result, a small set (n=9) of CRC candidates were identified 111 (Fig. 1A), including NKX2-2 and FOS which are known functional cooperators 112 of EWS-FLI1 (7, 26). Because CRC factors have high and specific expression in 113 their corresponding cell types, we interrogated the Cancer Cell Line Encyclopedia 114 (CCLE) dataset and noted that, compared with other 5 CRC candidates (NFATC2, 115 FOS, IRF2, ZBTB7B and MEF2D, Supplement Fig. 1), the expression of 4 116 6 / 46 candidate TFs (KLF15, NKX2-2, TCF4 and RREB1) showed restricted 117 expression pattern in Ewing sarcoma cell lines (defined as top 5 among all cell 118 types, Fig. 1B ). However, it should be noted that the specificity of RREB1 119 expression was overall poor, as most cancer types had comparable mRNA levels.
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EWS-FLI1 directly activates three CRC factors
To elucidate the co-regulatory mechanisms between CRC TFs and how they 144 are controlled by EWS-FLI1, ChIP-Seq was performed using specific antibodies 145 against either KLF15, TCF4 or NKX2-2 in A673 cells. Importantly, these 3 TFs 146 trio-occupied both super-enhancers and promoters of each other, as well as 147 themselves ( Fig. 2A, Supplement Fig. 2, 3) , forming an interconnected circuitry 148 as predicted by our method. Enrichment of H3K27ac signals at these super- 149 enhancers was observed across all Ewing sarcoma primary tumor samples (n=3) 150 and cell lines (n=4). All three distal super-enhancers, but not promoters, were 151 occupied by EWS-FLI1 in both A673 and SKNMC cells ( Fig available Hi-C data of SKNMC cells, we confirmed interactions between super-154 enhancers with promoters in every gene locus, suggesting direct transcriptional 155 co-regulation between KLF15, TCF4 and NKX2-2 by binding to each other's 156 super-enhancers. These data also highlight that EWS-FLI1 directly controls the 9 / 46 knockdown of each factor (Fig. 2D ) markedly reduced the activity of E1 and E2. 183 These results support direct regulation of KLF15 super-enhancer by all CRC 184 members, as well as EWS-FLI1. Moreover, CRC factors, but not the fusion 185 oncoprotein, co-bound the promoter region of KLF15 ( Fig. 2A ). We similarly 186 cloned two promoter constituents of KLF15 (P1 and P2) into the pGL3-basic 187 luciferase reporter vector, and measured their activities by reporter assays in 188 A673 cells ( Fig. 2E ). Both of the two promoter regions expectedly showed strong 189 reporter activity, and they were significantly inhibited upon silencing each of the 190 three CRC TFs. were restricted within enhancer regions; ii) EWS-FLI1 almost always trio-208 occupied with TCF4/NKX2-2; iii) KLF15-binding was restricted to promoters, 209 and it either dual-occupied with TCF4 or trio-occupied with TCF4/NKX2-2.
210
Importantly, regardless of promoter or enhancer elements, trio-binding regions 211 always harbored much higher H3K27ac intensity compared to either solo-or 212 dual-binding regions ( Fig. 3C ), suggesting that regulatory regions trio-occupied 213 by these TFs may have stronger transcriptional activity. Moreover, tri-occupied 214 regions were more likely to overlap super-enhancers than either dual-or solo-215 occupied regions ( Fig. 3D ).
216
To determine further the possible transcriptional impact of these binding event, (Fig. 5G) .
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Not surprisingly, we also observed solo-or dual-regulation by only 1 or 2 TFs on 318 many other enzymes, such as CERS2 (by KLF15), CERS4 (by TCF4), CERS5 319 (by NKX2-2) and B4GALT6 (by both KLF15 and NKX2-2). These findings 320 together suggest that CRC factors co-operatively and directly regulate lipid 321 metabolism pathways in Ewing sarcoma cells.
322
Biological significance of lipid metabolism in Ewing sarcoma cells 323 Following the characterization of the profound co-regulatory effects of CRC 324 factors on lipid metabolic processes, we next sought to explore the biological 325 significance of lipid metabolism in Ewing sarcoma cells. We first tested rate-326 limiting enzymes for fatty-acid synthesis (FASN, ACLY and SCD, which were 327 trio-regulated by three CRC TFs), since this is the initial process upstream of all 328 lipid metabolism reactions. Verifying our RNA-Seq results, qRT-PCR showed 329 knockdown of each single TF reduced the expression of these central enzymes 330 (Fig. 6A ). Immunoblotting confirmed downregulation at the protein levels of 331 FASN, ACLY and SCD (Fig. 6B ). In addition, silencing of TCF4 (but not KLF15 332 or NKX2-2) also reduced the expression of ACC, another key enzyme in fatty- 
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Moreover, Orlistat, a specific FASN inhibitor, potently inhibited cell proliferation 338 both in vitro (Fig. 6F ) and in vivo (Fig. 6G ), suggesting the biological importance 339 of fatty-acid synthesis pathway in Ewing sarcoma cells.
340
In addition to fatty-acid synthesis, we also explored the functional significance (Fig. 6N ) of both A673 and EW8 cells. 351 In parallel, we also investigated in-depth the term "Signal transduction" since top-ranked pathways (Fig. 7A ). Focusing on these two pathways, we found that 359 genes downregulated upon knockdown of each CRC factors were strongly 360 overlapped. Specifically, 32/84 (38%) genes in PI3K/AKT signaling and 23/72 361 (32%) genes in MAPK signaling were decreased in at least two out of three 362 knockdown groups (Fig. 7B) , supportive of the notion that CRC factors 363 cooperatively regulate these pathways.
350
CRC TFs co-regulate PI3K/AKT and MAPK signaling pathways
364
Further integration with KLF15, TCF4 and NKX2-2 ChIP-Seq data identified 365 that 40/44 (90.9%) commonly downregulated genes (in at least two knockdown 366 groups) of these two cascades were directly occupied by at least one of the CRC 367 TFs (Fig. 7C ). Moreover, 23 and 19 of these 40 target genes (57.5% and 47.5%) 368 were dual-and trio-occupied by CRC TFs, respectively (Fig. 7C ). This result 369 suggests strong cooperation between CRC TFs in the regulation of these two (Fig. 3A) . Notably, TCF4 and NKX2-2 have higher capacity in 406 occupying the genome than either EWS-FLI1 or KLF15, as their binding regions 407 almost always encompass those of EWS-FLI1 and KLF15. Specifically, TCF4 408 and NKX2-2 serve as co-binding partners for EWS-FLI1 (in enhancer regions) 409 and for KLF15 (in promoter regions), in addition to their own binding regions.
410
Nevertheless, these three TFs still tend to operate collaboratively, such that their 411 co-bindings events (trio-and dual-) are more common than solo-binding events.
412
Moreover, cooperative binding by more TFs appears to be associated with higher 413 transcriptional activity. Indeed, DNA regulatory elements loaded with more TFs 414 always have higher H3K27ac intensity (Fig. 3C) , which are also associated with 415 higher expression of downstream genes (only significantly in promoter regions, 
482
This is plausible given that KLF15 almost always cooperates with TCF4 and 483 NKX2-2 in Ewing sarcoma in terms of genomic binding.
484
In conclusion, we identify and validate an Ewing sarcoma-specific CRC, Supplementary Table   522 1.
523
Construction of expression and lentiviral vectors 524
The pCDH-CMV-Flag-EF1-puro-KLF15 expression vector was amplified 525 based on pCDH-CMV-Flag-EF1-puro vector, and a 3xFLAG-tag was added via 526
